In the quest for dynamic multimodal probing of a material's structure and functionality, it is critical to be able to quantify the chemical state on the atomic-/nanoscale using element-specific electronic and structurally sensitive tools such as electron energy-loss spectroscopy (EELS). Ultrafast EELS, with combined energy, time, and spatial resolution in a transmission electron microscope, has recently enabled transformative studies of photoexcited nanostructure evolution and mapping of evanescent electromagnetic fields. This article aims to describe state-of-the-art experimental techniques in this emerging field and its major uses and future applications. 
Introduction
Electron energy-loss spectroscopy (EELS) in the transmission electron microscope has become an invaluable tool for unraveling the chemical compositions and structures of materials, enabling imaging of individual atoms and their bonding states with unprecedented resolutions.1,2 The low-energy ("lowloss," 0-50 eV) region of the EEL spectrum yields electronic information in the form of valence intraband and interband transitions, as well as plasmon excitations, rendering this part of the spectrum sensitive to changes in the overall electron density of the material. Conversely, the high-energy ("core-loss" >100 eV) region of the EEL spectrum is characterized by excitations of core-level electrons into well-defined higher-lying empty states and into the continuum, providing a technique suitable for studying the chemical state, local geometric structure, and nature of chemical bonding centered around the absorbing atom.
When combined with the excellent spatial resolution of the transmission electron microscope, EELS constitutes a powerful technique for the electronic characterization of nanoscale materials.
However, if one wishes to study dynamical processes, the temporal resolution has been typically limited by the acquisition time of the detector (~30 ms). Only recently, ultrafast EELS with temporal resolutions ranging from femtoseconds (fs) to nanoseconds (ns) has been demonstrated and applied to study laser-induced pre-ablation dynamics3 and bandgap renormalization4 in graphite thin films, electron-phonon coupling and structural dynamics in multiwalled carbon nanotubes,5 imaging of evanescent waves surrounding carbon nanotubes,6 plasmonic nanostructures,7-9 biological structures,10,11 and photo-induced chargetransfer and phase transitions in transition-metal oxides. 12, 13 This article discusses some of the latest results, prospects for applications, and new methods in ultrafast EELS at the nanometer scale. Refer to References 14-17 for a detailed discussion of ultrafast and dynamic electron microscopy and References 18-20 for a deeper theoretical understanding of inelastic electronphoton interactions.
Ultrafast core-level electron spectroscopy
Apart from relativistic effects,21 electron energy-loss and x-ray absorption corelevel spectra are essentially equivalent and provide analogous information.
Energy losses between 100 and 1500 eV are routinely accessible in TEM-EELS (TEM, transmission electron microscopy), which (partly) overlaps with the soft xray region. Ultrafast x-ray and extreme ultraviolet spectroscopies have experienced tremendous progress in recent years.22-24 Picosecond-resolved x-ray absorption spectroscopy implemented at synchrotron facilities has enabled the characterization of the excited state structure and dynamics of a wide variety of chemical systems. More recently, the advent of x-ray free-electron lasers has introduced a paradigm shift in terms of the temporal resolution of x-ray spectroscopies into the femtosecond regime. Importantly, due to the rather low interaction cross-section of x-rays with matter, in situ studies of nanoscale objects such as thin films and individual nanoparticles are challenging, especially for materials containing low-Z (Z is atomic number) elements such as organic crystals, polymers, and biological molecules. This can be overcome by ultrafast EELS, which combines, in a tabletop apparatus, high spatial resolution and sensitivity to characterize individual nanostructures with the ultrashort temporal resolution and energy resolutions needed to address chemical dynamics immediately following laser excitation.
The feasibility of femtosecond-and nanosecond-resolved core-level EELS has recently been demonstrated by the study of photo-induced structural dynamics in graphite thin films4 and charge-transfer dynamics in iron oxide photocatalysts. 13 These experiments revealed that core-level EELS is especially sensitive to chemical bonding properties (e.g., structure, symmetry, spin, and charge) in the close vicinity of the absorbing atom. One of the challenges of ultrafast core-level EELS is that the cross section for inelastic scattering decays with a power-law energy dependence according to AE-r, with r = 2-5, A = constant, and E = energy.26 Therefore, deep core-level edges (>100 eV) are considerably more challenging to measure than shallow core levels12 and low-loss plasmon excitations (0-100 eV).3 In order to overcome these challenges and enhance the sensitivity necessary to measure such weak timeresolved signals at deep core-level ionization edges, careful data acquisition strategies (e.g., energy-drift correction), efficient detection schemes (e.g., direct electron detection27), and new instrument developments28-30 are necessary and already underway.
Compared to ultrafast optical transient spectroscopy, which mainly probes the delocalized/hybridized valence orbitals, or ultrafast electron diffraction, which tracks the overall structural changes of the material, the element specificity and simultaneous local electronic and structural sensitivity of ultrafast core-level EELS opens the door for a plethora of studies on the L-edges of transition-metal oxides that are of current interest for microelectronics, spintronics, photocatalytic water splitting, biosensing, and solar-energy conversion. Of particular importance are future studies of hole dynamics, which have remained largely unrevealed using conventional optical-probing techniques, as well as dependences of the electron-hole dissociation, trapping, and recombination time scales on the nanoparticle size, shape, and defect structure in prevalent photocatalysts.
Ultrafast low-loss electron spectroscopy with meV resolution
To characterize and manipulate many-body excitations in the low-energy spectral range of strongly correlated solids, one needs to simultaneously combine meVspectral, nanometer-spatial, and femtosecond-temporal resolutions. Energyfiltered transmission electron microscopy of phonons and plasmons in nanostructures yields sub-nanometer31 and 10 s meV space/energy resolution32-34 under static conditions. To achieve a combined nm-fs-meV resolution, a laser- 
Single-shot EELS to probe irreversible light-induced phenomena
The stroboscopic laser-pump electron-probe method achieves ~100 fs and sub-eV time and energy resolutions, respectively, by integrating electron counts from many pump-probe cycles in order to achieve sufficient signal in the EEL spectrum. In this scheme, repetitive measurements are made on the same region of a specimen such that observable processes are limited to only highly repeatable, reversible ones, for which the photoexcited specimen must fully return to its original state before successive pump pulses arrive. If a sample undergoes an irreversible process, which is more common in, for example, phase transitions or chemical reactions, the approach should be based on a single laser excitation "shot" and a sequence of subsequent electron pulses that captures the course of the unique irreversible process.17 The single-shot approach requires short electron probe pulses that are intense enough to generate a spectrum with sufficient signalto-noise ratio. Dense electron pulses, however, are subject to significant Coulomb repulsion, which not only limits the formation and propagation of the pulses, but also disperses the energy of electrons; pulsed electrons under the space-charge and Boersch effects tend to broaden in space, time, and energy.46 
